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Introduction 42
The membrane aerated biofilm reactor (MABR), in which oxygen is supplied to the biofilm 43 solely from a gas permeable substratum, shows significant potential as a technology for high-44
rate biological wastewater treatment. In the MABR, the biofilm is naturally immobilized on 45 an oxygen permeable membrane. Oxygen diffuses through the membrane into the biofilm 46 where oxidation of pollutants, supplied at the biofilm-liquid interface takes place. The oxygen 47 supply rate can be controlled by the intra-membrane oxygen partial pressure and membrane 48 In recent years the presence of fluorinated organic compounds in the environment has 62 drastically increased as a result of the significant rise in the production of wide range of 63 fluorinated pharmaceuticals and agrochemicals developed due to the unique and desirable 64
properties of fluorine (Hansen et al. 2001; Muller et al. 2007 ). Environmentally-unfriendly 65 incineration is the mainstay for the management of most fluorinated waste (dos Santos et al. 66 2001) , thus alternative methods are required to treat post-production water contaminated with 67 fluorinated compounds, and biological processes might be the most economically and 68 ecologically sound option. Biofilm reactors are ideally suited to the biological treatment of 69 xenobiotics. It has been shown that biofilms have a higher resistance to toxic compounds 70 (Morton et al. 1998 ) and this attribute could be highly beneficial when treating fluorinated 71 aromatic compounds as transformation intermediates are often toxic. Strains have been 72 isolated from industrial environments that have degradation capabilities towards fluorinated 73 compounds (Carvalho et al. 2005) . One such species, isolated from a sewage treatment plant 74 and shown to have the ability to degrade fluorinated aromatic compounds, is Pseudomonas 75 knackmussii, also known as Pseudomonas sp. B13. The strain has been also reported to form 76 biofilm (Nielsen et al. 2000) and with its degradation properties (Schreiber et al. 1980 ) is 77 potentially an ideal microorganism for the removal of fluorinated aromatic compounds in 78 wastewater treatment. 79
There are very few studies that have investigated the degradation of fluorinated 80 compounds in biofilms, and none has investigated the degradation of fluorinated aromatic 81 compounds in MABR system. Given the environmental significance of such compounds, we 82 describe here investigations undertaken to evaluate the possible application of bacterial 83 biofilms in the bioremediation of organofluorine-contaminated waste streams. 84 85 2 Materials and Methods 86
Medium and culture conditions 87
Pseudomonas knackmussii or Pseudomonas sp. B13 (DSM 6978) was obtained from the 88 German Collection of Microorganisms and Cell Cultures (DSMZ, Germany). Brunners 89 mineral medium (www.dsmz.de, medium 457) supplemented with the appropriate carbon 90 source (10 mM) was the growth medium except for where stated otherwise. 91
Planktonic studies 92
The planktonic growth rates were determined in 250 mL conical flasks with a working 93 volume of 50 mL and incubated at 30°C with shaking at 150 rpm. The flasks were inoculated 94 with 1 mL of a 24 h-old culture adjusted, only if needed, to an optical density of 0.8 at 660 95 nm with PBS (phosphate buffered saline). All planktonic trials were performed in triplicate. 96 Biomass was established by dry cell weight and colony forming units (CFU) measurements. 97
MABR 98
The MABR experiments were set-up as described previously by Heffernan et al. (2009b) with 99 a modification of the sampling port (SI, Fig 4) . The system operation was commenced by 100 filling the reactor with 200 mL of medium and sterilisation of reactor by autoclaving at 121ºC 101 for 15 min in an Astel autoclave. Medium for the continuous phase of operation was sterilised 102 separately by autoclaving at 121ºC for 15 min in a 10 L carboy, which was subsequently 103 connected aseptically to the reactor vessel. To prepare the inoculum; cells were first grown 104 for 24 h in batch culture prior to reactor inoculation to obtain the exponential phase of 105 growth; 10 mL of this culture was adjusted to a turbidity of approximately 0.8 at 660 nm in 106 PBS and used to inoculate the reactor. Following inoculation the system was operated in 107 batch mode for 48 h after which time the flow of medium was initiated at a flow rate of 40 108 mL h -1 and maintained throughout the biofilm accumulation. Visible biofilm appeared within 109 48 h from commencing the feed. Experiments involving a change of the flow rate and 110 pressure were performed after the biofilm had reached a steady state, which was established 111 by thickness measurements. The reactor effluent was sampled with a 5 mL luer lock syringe 112 attached to the circulation loop and analysed for pH, optical density (OD) and dissolved 113 oxygen concentration (DO). The culture supernatant was also obtained by centrifuging the 114 remaining liquid sample and stored at -20ºC until analysis of the fluoride ion and other 115 fluorometabolites were conducted.
Tubular Biofilm Reactor (TBR) 117
The TBR experiments were set-up with some modifications of the system described 118 previously by Heffernan et al. (2009a) . Silicone tubing was sourced from VWR and Altec. 119
The system was equipped only with one sample port located at the downstream section of the 120 90 cm reactor tubing and an additional 300 mL Duran bottle was introduced as an inoculation 121 tank containing 200 mL of medium (SI, Fig 5) , which was sterilised and then inoculated with The initial investigation of free fluoride accumulation in TBR grown biofilm was 131 performed in two experiments using medium containing 10 mM 4-fluorobenzoate as a carbon 132 source. After 216 h operation of these two replicates was terminated and content of each 133 reactor was harvested as three fractions: planktonic culture suspended in media (F1), 134 sloughed off biofilm (F2) and mature biofilm (F3). F1 was obtained by draining the reactor 135 tubing; F2 by washing cell content out with known volume of deionised water and F3 by 136 pinching biofilm out and washing it out with known volume of deionised water. After each 137 fraction was centrifuged, supernatants were examined for free fluoride ion concentration. 138
Precipitated cells from each fraction were sonicated for 3 min (Ika Labortechnik U200S 139 control) and centrifuged. Fluoride ion was measured in cell free extracts. Organic 140 fluorometabolites were extracted with ethyl acetate from cell extracts and detected by 19 F 141 NMR. 142
Biofilm thickness measurement 143
Biofilm thickness measurements in the MABR system were performed using the method 144 described previously by Syron and Casey (2008b) . The value obtained from the raw thickness 145 was linearized (ζ) by using the equation ζ=(r o +δ)ln ((r o +δ)(r o ) -1 ), where δ is the recorded 146 thickness and r o is the radius of the silicone tube; the biofilm accumulation rate was then 147 calculated from this value. 148
Biofilm thickness in the TBR was established after each experiment was terminated 149 and in a different manner than the online biofilm thickness measurement in the MABR 150 system. Thickness analysis was performed using Able Image Analyser software (Mu Labs, 151 Slovenia) on biofilm light microscopy images taken with an Olympus DP70 digital camera 152 (4x magnification) by measuring the distance from the membrane to the biofilm liquid 153 interface. The microscopy biofilm images were obtained after the reactor tubing (together 154 with biofilm grown inside it) was cut and cryoembeded (embedded in freezing medium and 155 frozen), the silicone tubing was removed and biofilm sample was sliced. The procedure was 156 previously described by Heffernan et al. (2009a) . From each section of the reactor six phase 157 contrast images were analysed for thickness with 45 measurements taken from each image. 158
These measurements were then averaged to give a final thickness. 159
Biofilm cultivation in six well plates 160
Glass cover slips were treated with UV light, place in individual wells of 6-well plates and 161 immersed in 8 mL sterile medium containing either 4-fluorobenzote (10 mM), benzoate (10 162 mM) or benzoate (10 mM) plus sodium fluoride (40 mM). Subsequently, the medium was 163 inoculated with 1 mL of 24 h-old culture (OD = 0.8 at 660 nm) and incubated on a rocking 164 platform at 30°C. Control wells contained medium that was not inoculated. At each sampling 165 time (10, 24, 34, 48, 58 and 72 h) cover slips were removed and washed with phosphate 166 buffered saline (PBS). The cover slips were stained with crystal violet and DAPI (4',6-167 diamidino-2-phenylindole) and microscopically examined using an Olympus BX51 168 epifluorescence microscope. The area of biofilm coverage of each slide was calculated by 169 dividing the sum of all unit areas by the total area of a slide (141,050 μm 2 ). The average 170 biofilm coverage represents the average value obtained from 6 images, where each image 171 represents separate slide taken from a well of a 6 well plate at each sampling time. was assessed by measuring the thickness, and in the reactors II and III two distinct growth 203 phases were observed: a period of relatively fast growth up to 200 h (0.004 and 0.007 h -1 , 204 respectively) followed by a slower (factor 10x) growth phase ( Fig 1A) . Effluent from the 205 reactors was collected every 24 hours and the concentrations of fluoride ion and 4-206 fluorobenzoate were measured, and used to calculate a specific utilisation rate ( Fig 1B) . 207
Although the biofilm thickness increased throughout the period of operation, the 208 concentration of 4-fluorobenzoate ( Fig 1C) and fluoride ion in the effluent stabilised after 209 approx. 100 h, thus the specific degradation rate decreased from 1.2 g g -1 h -1 in the early stage 210 of biofilm growth (<200 h) to 0.2 g g -1 h -1 as the biofilm matured. Furthermore it was 211 established during operation of reactor III, that there was no correlation between substrate 212 degradation and oxygen supply; the highest specific utilisation rate was established at a 213 pressure of 1 bar pure oxygen but only during the initial biofilm growth. The first increase of 214 oxygen pressure from 0.4 to 0.7 bar resulted in increase of DO found in spent media from 3 to 215 6 mg/L. After the oxygen pressure was again increased the DO decreased back to the 216 previous level of 2-3 mg/L and did not change overall during the rest of experiment even 217 when the oxygen pressure was regularly elevated and declined. Therefore were observed to take place during each TBR experiment. Since each experiment was 231 terminated at a different time it was possible to observe a relationship between cultivation 232 time and biofilm thickness (Fig 2) . The utilization of 4-fluorobenzoate was monitored by free 233 fluoride and 4-fluorobenzoate measurements in the effluent, which together with biofilm dry 234 cell weight measurements were used to calculate final specific utilisation rates. 235
The specific utilization decreased with biofilm increasing thickness, similar to what 236 was observed in the MABR. A doubling of the thickness, from 25-50µm, resulted in a 4-fold 237 decrease in the degradation rate (Fig 2) . This difference is unlikely to be explained by 238 substrate or oxygen limitation given the low thickness of the TBR grown biofilms. 239 Furthermore the total fluorine (fluoride ion plus 4-fluorobenzoate) recovered in culture 240 supernatants was approximately 85 % of the starting substrate concentration. 19 
F NMR 241
analyses of the effluent demonstrated that these comprised the major fluorine components, 242 although a very small signal at δ -116 ppm (4-fluorocyclohexadiene-cis,cis-1,2-diol-1-243 carboxylate) was also observed (SI, Fig 6) . Three fractions of Pseudomonas knackmussii culture obtained from the two TBR experiments 248 operated for 216 h were analysed; the planktonic cells collected along with spent medium 249 (F1); the biofilm which detached after washing the TBR tubing with deionised water (F2); 250 and the biofilm that was scraped off the TBR tubing (F3). In total, 0.095 mmol total fluoride 251 ion was measured most of which was directly associated with the biofilm (Table 1) . Fluoride 252 ion was also measured in the biofilm extracts from TBR experiments that were conducted for 253 216-504 h. The amount of free fluoride as well as its total concentrations retained in the 254 biofilm were found to increase with time, and consequently with thickness, from 0.14 to over 255 0.25 M (Fig 2) . Mass balance calculated for those TBR experiments indicates that 256 accumulation of fluoride ion does not account for all of the fluorine in the biofilm (Table 2) . 257
At least some of the fluorine is also present as 4-fluorobenzoate (SI, Fig 7) , and the remainder 258 may be in the form of polymeric substances arising from auto-oxidation of fluorocatechols, 259 which are known intermediates of fluorobenzoate degradation, and are not typically 260 observable by 19 F NMR. 261
The effect of fluoride ion on planktonic growth rates and biofilm formation. 262
The effects of fluoride have been studied in a variety of microorganisms, but nothing is 263 known about the effects of the ion in P. knackmussii, thus experiments were undertaken by 264 supplementing the medium with sodium fluoride in planktonic batch growth trials and 265 but in the present study increasing the intra-membrane oxygen pressure in the MABR did not 307 affect the oxygen transfer rate. Furthermore, P. knackmussii biofilm cultivated in MABR on 308 4-fluorobenzoate did not achieve the thickness of P. fluorescens biofilm (1000 μm). Thus 309 some other factor(s) causes the specific degradation rate to decline. 310
Free fluoride accumulation in biofilm continuous culture 311
There was a lower concentration of total fluorine (fluoride ion plus 4-fluorobenzoate) 312 in the spent medium from the MABR experiments than in the starting medium, indicating 313 that some 'fluorine' had accumulated in the biofilm. Thus a possible reason for declining 314 degradation ability of biofilms in MABR was accumulation of free fluoride, which has been 315 observed in dental plaques (Engstrom et In both, 4-fluorobenzoate and benzoate 6-well plate experiments (Figures 1 and 2) , where no addition of fluoride ion was used, biofilm development preceded in similar timeframe and each stage of its growth was recorded. Images taken after 10 h of culture incubation present the initial cell attachment as scattered singular cells on the cover slip surface were visible ( Figures 1A and 2A ). The number of singular cells covering the glass surface was higher in the next sample taken after 24 h (Figures 1B and 2B ) and biofilm microcolonies appeared after 34 h ( Figures 1C and 2C ). Subsequently larger microcolonies started to merge to form a relatively uniform microbial layer after 48 h (Figures 1D and 2D ) and fully grown biofilm was formed after 58 h ( Figures 1E and 2E ). Mature biofilm develops as a highly dynamic structure and it is typical to observe localised regions of high cell density within the biofilm, these are indicated by more intense staining visible on image taken for 72 h sample ( Figures   1F and 2F ).
During the investigations of P. knackmussii biofilm formation in 6-well plates with 40 mM sodium fluoride addition and where 10 mM 4-benzoate was used as a sole source of carbon, the first three images ( Figure 3A , B and C), corresponding to 10 h, 24 h and 34 h, respectively, show biofilm formation patterns (in terms of singular attachment and microcolonies) to be broadly similar to those observed for cultures grown on 4-fluorobenzoate or benzoate without any sodium fluoride supplements. Despite the fact that images recorded after 48 h showed a patchy biofilm structure, where microcolonies were well defined, singular attached cells were still noticeable ( Figure 2D ). Images obtained after 58 h and 72 h incubation demonstrate a significant change in biofilm formation pattern; biomass detachment and reorganization of the structure towards single cell attachment ( Figures 3E and F) . Thus percentage biofilm coverage increased but was four times lower than that observed in previous trials in which no supplemental fluoride was added. The decrease in percentage biofilm coverage can be attributed to detachment as confirmed by the increased OD in the suspension.
